Introduction {#Sec1}
============

Surgical site infection (SSI) is the most common (160,000\~300,000 per year) and most costly healthcare-associated infection^[@CR1]^ in the United States and ranges from superficial skin infection to life-threatening postoperative complication. Foreign materials such as indwelling and implanted medical devices increase the risk of SSI significantly because less bioburden---as low as 100 CFU---is needed to cause infection.^[@CR2]^ According to the 1999 CDC Guideline for Prevention of SSI, the endogenous microbes of a patient's skin and mucous membrane are the primary source of pathogen contamination for most SSIs.^[@CR3]^ Preventing initial bioburden transfer from the skin to foreign materials and adjacent tissue is thought to be an important intervention to prevent medical device associated SSI.^[@CR4],[@CR5]^ However, current research on preventing medical device associated infections has focused more on antimicrobial biomaterials and sterile practices (such as handwashing) than on understanding how bioburden is transferred from the skin surrounding a penetration site. Therefore, understanding this aspect of the pathogenesis process can help inform the development of skin preparation countermeasures. By preventing contamination of normally sterile internal compartments, we can target the critical first step before bacterial colonization, multiplication and biofilm entrenchment. This could improve antimicrobial stewardship by reducing the use of antibiotics and antimicrobials.^[@CR6]^

The human skin microbiota is diverse and includes numerous pathogenic bacteria.^[@CR7]^ *Staphylococcus aureus* (*S. aureus*) are the most commonly isolated pathogen,^[@CR8]^ accounting for 20--30% of SSI occurring in hospitals.^[@CR9]^ This prevalence is related to the carriage of *S. aureus* in the healthy population (\~20% persistent, \~60% intermittent).^[@CR10]^ While topical antibiotics and antiseptics are often employed to reduce *S.aureus* colonization, these treatments may alter skin microbiota and reduce colonization by *S.aureus* competitors.^[@CR11]^ Current patient-focused interventions to reduce contamination of surgical sites with pathogenic bioburden are limited to skin preparation and antibiotic prophylaxis. For surgical procedures at high risk of infection (contaminated wounds or dirty wounds), the use of prophylactic antibiotics has markedly reduced SSIs.^[@CR12]^ However, the increasing spread of antibiotic resistant organisms makes prophylaxis more challenging and necessitates rethinking current approaches to improve stewardship of existing antibiotic resources. Considering that about 30% of infectious pathogens may be resistant to standard prophylactic antibiotics in the United States, as many as 120,000 SSIs and 6,300 deaths each year may be due to resistant organisms.^[@CR13]^ The proportion of infections with resistant organisms is also on the increase.^[@CR14]^

One way to reduce dependence on the use of antibiotics could be improved skin preparation to remove microbial counts to sub-pathogenic levels.^[@CR15]^ Conventional skin preparation methods are widely accepted (alcohol, chlorhexidine, povidone-iodine and their combinations),^[@CR16],[@CR17]^ and there are relatively few studies focused on improved approaches. Skin preparation strategies may benefit from other areas of infection control research, where an emerging approach to the treatment of biofilm involves the combination of physical forces---such as sonic energy or electric field\--with antimicrobial treatment.^[@CR18]--[@CR20]^ These combined approaches are synergistic because the physical field helps break up biofilm structure while the antimicrobial component helps to kill segregated bacterial cells. In particular, the use of non-chemical antimicrobial approaches such as probiotics^[@CR21]^ and phage^[@CR22]^ is being explored to improve performance over conventional antimicrobials while benefiting antimicrobial stewardship. Since skin is colonized by endogenous bacteria, pretreatment with beneficial bacteria that already exist in healthy skin is potentially a safe and effective option.^[@CR23]^ Beneficial probiotics compete with pathogens for adhesion and nutrients, weakening their ability to survive and proliferate. The supernatant produced by probiotic bacteria is rich in metabolites that are the likely source of antimicrobial activity against existing biofilms. For example, *Lactobacillus spp*. and *Bifidobacteria spp*. supernatants have been reported to reduce biofilm.^[@CR24],[@CR25]^ Preliminary clinical studies have suggested that probiotic ingestion and nasal spray may be effective in eradicating persistent carriage of MRSA in the throat and nose.^[@CR26],[@CR27]^ However, less has been studied about how probiotic strains might prevent biofilm associated infections, especially at surgical incision/injection sites.

In this work, we developed and assessed a combination approach for skin preparation. We used a recently developed porcine skin explant model^[@CR28]^ to study the effectiveness of several alternative skin preparation approaches alone and in combination. The porcine skin model simulates a physiological tissue environment where pathogens may be more persistent than on abiotic materials.^[@CR29]^ For example, *S. aureus* biofilm with host fibrin as part of the matrix have been shown to be more robust than on abiotic surfaces which are often used in in vitro testing.^[@CR30]^ Since clinical testing is not possible with virulent pathogens, this approach provides a rapid, reproducible, and cost-effective way to test skin preparation strategies. We evaluated conventional alcohol-based skin wipes, a sonication brush, and probiotic bacteria, along with combinations of these approaches, for the potential to remove *S. aureus* growing in biofilm on the skin surface.

Results {#Sec2}
=======

Effect of alcohol wipe and brush sonication on skin *S. aureus* biofilm removal {#Sec3}
-------------------------------------------------------------------------------

Porcine skin surface was inoculated with *S. aureus* (10^5^ CFU mL^−1^) and cultured 24 h for biofilm formation. The established bioburden was characterized with both CLSM imaging and plating. Before skin preparation (Fig. [1a](#Fig1){ref-type="fig"}), heterogeneous skin biofilm structure was observed. Both alcohol wipes (Fig. [1c](#Fig1){ref-type="fig"}) and brush sonication (Fig. [1d](#Fig1){ref-type="fig"}) were found to significantly reduce bioburden levels of *S. aureus* AH2547 24 h biofilm. To assess potential contamination from other microorganisms, plain porcine skin incubated with growth media was imaged after 24 h, and showed no bacterial growth (Fig. [1b](#Fig1){ref-type="fig"}). There were between 10^8^ to 10^10^ CFU cm^−2^ surface viable bacteria (PC) from different cultures and skin surfaces. After normalizing the viable number of PC to 10^6^ CFU cm^−2^ (Fig. [2](#Fig2){ref-type="fig"}), the 4 × alcohol wipe (A4), 6 × alcohol wipe (A6), sonication brush (B), and sonication brush with alcohol (BA) bioburden levels resulted in surface bacterial densities of (13.2 ± 2.7) × 10^6^, (1.00 ± 0.27) × 10^6^, (4.36 ± 1.8) × 10^6^, and (0.0630 ± 0.011) × 10^6^ CFU cm^−2^, respectively. A significant difference (*p* \< 0.005) was seen when comparing A4 with A6, B, and BA. The three skin preparation methods (A6, B, and BA) were statistically different (*p* \< 0.05), and BA removed 3 logs of bioburden.Fig. 1Confocal fluorescence image stacks of *S.aureus* biofilms on porcine skin before and after varied skin preparation treatments (200 µm x 200 µm x 60 µm) including 24 h biofilm as positive control **a**, porcine skin incubated with culture media as a negative control **b**, after alcohol wipes x4 **c**, brush sonication **d**, probiotic supernatant 2 h **e** and the combination treatment with probiotic & alcohol brush **f**. Scale bars are indicated in µmFig. 2Number of viable *S. aureus* ( × 10^6^ CFU/cm^2^) on porcine skin surfaces before and after skin preparation with alcohol wipes (A4-alcohol wipes x4 and A6-alcohol wipes x 4), brush sonication (B) and combination treatment (BA- sonication brush with alcohol). Error bars represent the standard deviation over \>3 different *S. aureus* cultures; \**p* \< 0.05 and \*\**p* \< 0.005. Raw data is available in [Supplementary Materials](#MOESM1){ref-type="media"}, Data Availability Section

Effect of probiotic supernatant on skin *S. aureus* biofilm development and removal {#Sec4}
-----------------------------------------------------------------------------------

LAB supernatant from multiple culture times was initially tested for inhibition of *S. aureus* growth to determine the optimal time (Supplementary Materials, Figure [S1](#MOESM1){ref-type="media"}). Supernatants obtained at 16 and 24 h time points inhibited *S. aureus* growth for 24 h. We then tested how supernatants collected with different initial probiotic cell concentrations would inhibit *S. aureus* growth with the pig skin model (Fig. [3](#Fig3){ref-type="fig"}, hollow square). The results showed that inhibition of *S. aureus* growth increased (27, 70, 81, and 84%) with the starting inoculum of probiotic supernatants (10^4^, 10^6^, 10^8^, and 10^10^ CFU mL^−1^, respectively). The supernatants were also used to pre-treat well-established *S. aureus* biofilms (24 h) on skin (Fig. [3](#Fig3){ref-type="fig"}, solid circle). Compared to the control, supernatants collected from 10^4^ to 10^10^ CFU mL^−1^ *L. rhamnosus* inoculum reduced 65--89% of well-established skin surface bioburden.Fig. 3Probiotic supernatant *(Lactobacillus rhamnosus)* obtained from different initial cell densities (10^4^, 10^6^, 10^8^, 10^10^ CFU/mL) inhibits planktonic *S.aureus* (10^6^ CFU/mL) growth (□), and reduces 24 h *S. aureus* biofilm burden (●). Raw data is available in [Supplementary Materials](#MOESM1){ref-type="media"}, Data Availability Section

Combination treatment on skin *S. aureus* biofilm removal {#Sec5}
---------------------------------------------------------

Probiotic supernatant pretreatment of *S. aureus* biofilms for both 2 h (PB2 + 2) and 24 h (PB2 + 24) was evaluated (Fig. [4](#Fig4){ref-type="fig"}). After normalizing the viable number of PC to 10^8^ CFU cm^−2^, the PB2 + 2, PB2 + 24, and combined with brush sonication PB2 + 2 + B, PB2 + 24 + B bioburden levels resulted in surface bacterial densities of (24.6 ± 14) × 10^8^, (2.97 ± 2.7) × 10^8^, (0.00674 ± 0.0015) × 10^8^, and (0.00742 ± 0.0055) × 10^8^ CFU cm^−2^, respectively. With only probiotic pretreatment, the PB2 + 2 bioburden level is statistically different from the others (*p* \< 0.05). While PB2 + 24 is significantly different from the other two combination treatments (*p* \< 0.005), the difference in bioburden within the combination treatments (PB2 + 2 + B and PB2 + 24 + B) is not significant.Fig. 4Number of viable *S.aureus* (×10^8^ CFU/cm^2^) on porcine skin surfaces before and after skin preparation with probiotic pre-treatment (2 and 24 h) and the combined treatments with brush sonication. Error bars represent the standard deviation over \>3 *S.aureus* cultures; \**p* \< 0.05 and \*\**p* \< 0.005. The 24 h *S.aureus* biofilms were used as positive control, and the numbers after skin preparation were normalized to the positive control from the same batch of culture. Raw data is available in [Supplementary Materials](#MOESM1){ref-type="media"}, Data Availability Section

The bioburden removal efficacy (%) and log reduction for all tested skin preparation treatments on *S. aureus* 24 h biofilm were summarized in Table [1](#Tab1){ref-type="table"}. Wiping more thoroughly with alcohol pads (A6 vs. A4) improved the removal efficacy from 86.8 to 98.9%, greater than one log increase. For skin preparation with the sonication brush, spraying the brush head with alcohol greatly helped biofilm removal compared to saline (\~2 log improvement). Probiotic pretreatment alone reduced viable bacteria 75.4--97% (2--24 h). When combined with sonication brush/alcohol, the difference between probiotic pretreatment was minimized. Over 4 log reduction was achieved with combination treatment for well-established *S. aureus* biofilm (24 h) on porcine skin surfaces.Table 1Summary of the cleaning efficacy and log reduction for skin preparation treatmentsA4A6BBAPB2 + 2PB2 + 24PB2 + 2 + BPB2 + 24 + BBioburden removal efficacy (%)86.8 ± 2.798.9 ± 0.2795.6 ± 1.899.9 ± 0.01175.4 ± 1497.0 ± 2.799.99 ± 0.001599.99 ± 0.0045Viable bacteria log reduction0.89 ± 0.092.01 ± 0.131.39 ± 0.203.23 ± 0.120.68 ± 0.311.38 ± 0.174.18 ± 0.104.27 ± 0.51

Discussion {#Sec6}
==========

There is a need for better models to study how to improve skin preparation before penetrating procedures, to help reduce the chance of microbial contamination/infection in transcutaneous medical procedures. For infections associated with medical devices, the skin is a significant source of potential bioburden and could benefit from more effective preparation procedures. Due to our increasing understanding of the persistence of biofilm and its presence on human skin, it is important to test potential preparation strategies specifically against biofilm.

In this work, we used both plating and confocal microscopy (CLSM) to characterize bioburden after preparation of pig skin. Although CLSM is not ideal for quantifying large amounts of bacteria on the skin, it was valuable to show the distribution of bacteria after various cleaning procedures (Fig. [1](#Fig1){ref-type="fig"}). Unlike biofilms on smooth abiotic surfaces often used for in vitro effectiveness testing (plastic, silicone, etc.), biofilm on the rough topography of skin were heterogeneous and were made even more heterogeneous by the cleaning process. Bacteria remaining after alcohol wipes (3c) tend to be clustered in certain areas of the skin, likely at folds and ridges where the wipe was not able to make good contact. For the alternative skin preparation methods (3d--f) bacteria was left more homogenously scattered on the surface.

The roughness of skin and heterogeneous nature of cleaning are primary reasons why we tested sonication as an alternative to wiping as a physical removal method. Since increasing alcohol wipe steps from 4 × (A4) to 6 × (A6) significantly improved the reduction of bioburden (Fig. [2](#Fig2){ref-type="fig"}), we hypothesized that sonication might further help break up the biofilm matrix and work synergistically with other approaches to remove *S. aureus* contamination from skin. We know from previous results that there is little difference in skin wipes (alcohol, povidone-iodine and chlorhexidine) against *S. aureus* biofilm even among different types of antimicrobials.^[@CR28]^ On the other hand, sonication is routinely used to remove bacteria from surfaces for enumeration, and biofilm removal products for teeth and skin based on sonication are considered clinically effective.^[@CR31],[@CR32]^ In our experiments, sonication with saline alone was more effective than 4 × alcohol wipes. The oscillatory bristles with sonic energy were better at dislodging biofilms, which should translate into better real-world performance on skin folds and rough areas like wrinkles, facial pores and facial scars. The performance of sonication alone without alcohol as a confounding variable shows the importance of physical force in the cleaning process for biofilm in particular.

When alcohol was added to the sonication brush, removal of *S. aureus* was significantly better than even the 6 × alcohol wipe preparation. While sonication can physically remove biofilm, an antiseptic further reduces the bioburden through its biocidal effect on remaining microbes that are not easily removed. This explains why a more stringent wiping procedure with alcohol (i.e., 6×) was better than sonication alone. The importance of using an antiseptic has also been shown in studies of hand washing, where it was shown that 30-s rubbing with plain soap and water reduced *S.aureus* counts on contaminated hands by 29.9%, while application of 70% alcohol reduced *S. aureus* counts by 99.7%.^[@CR33]^These results suggest that the heterogeneity of skin is indeed one of the challenges for conventional skin preparation methods, and show two possible ways to further improve this process, either by more stringent wiping or with a sonic delivery approach that is able to access crevices and break up biofilm.

While the use of more stringent physical preparation methods has promise to reduce existing skin bioburden of pathogenic bacteria, even 100 CFU/cm^2^ bioburden can cause contamination of dermal fillers when injected with certain styles or depths.^[@CR28]^ As little as 500 CFU at a medical device implant site may be enough to cause infection.^[@CR34]^ To further decrease the risks posed by skin contamination, we explored the addition of a probiotic step to the preparation process. Starting concentrations of a probiotic organism (*Lactobacillus rhamnosus* NBRC 3425) showed dose dependent effectiveness against planktonic and biofilm forms of *S. aureus* (Fig. [3](#Fig3){ref-type="fig"}). Supernatant obtained from overnight culture of an initial probiotic concentration of 10^4^ CFU/mL inhibit viable *S. aureus* in both planktonic and biofilm culture significantly (\~30 and \~65%, respectively). While there was less reduction of the absolute amount of viable bacteria in the planktonic culture, this is likely because MRS culture media used for planktonic culture diluted the supernatant by half and also provided extra nutrient for bacterial growth. After increasing the initial probiotic concentrations used to produce the supernatant to 10^10^ CFU/mL, the viable *S.aureus* in planktonic and biofilm culture was further reduced by the treatment by 85 and 89%, respectively. This is likely due to the increased amount of exometabolites (bacteriocins, hydrogen peroxide, lactic acid, etc.), that exhibit both bactericidal and biofilm removal activities.^[@CR35],[@CR36]^ The slope of the curve relating concentration to reduction in viable bacteria was similar for both forms of bacteria. While this reduction was only about 1 log, it was in the presence of a large initial inoculum of *S. aureus* over a short time period (24 h).

Next, the probiotic was tested in combination with the prior developed brush sonication strategy (Fig. [4](#Fig4){ref-type="fig"}). Since the time of exposure to the probiotic is important, two exposure times were evaluated (2 and 24 h). The 24 h time came from the idea that in principle a probiotic could be placed on the skin as an ointment the day before dermal filler injections would be performed, whereas the 2 h time point would be reasonable if the probiotic was placed on the skin the morning of a procedure. A worst case scenario (starting bioburden of 10^10^ CFU/cm^2^) was used for contamination. The impact of the probiotic for just 2 h was to reduce the bioburden by about 75%. At 24 h pre-treatment, the probiotic achieved nearly a 2-log reduction (3 × 10^8^ CFU/cm^2^), which was better than the reduction achieved with 4 × alcohol wipes and almost as good as that achieved with the sonication alone. When combined with sonication, the probiotic treatment showed an additive benefit. The reduction in bioburden was improved by an additional 3 orders of magnitude, for a total of almost 4.5 log reduction. Unexpectedly, the reduction in bioburden was similar for the 2 and 24 h treatment even though there was about 1 log difference with the probiotic treatment alone. Based on these results, it appears that the 2 h probiotic treatment combination with sonication brush was synergistic. In the presence of probiotic supernatant, biofilm structure may change within a couple of hours, which may make it easier to remove and kill *S. aureus* biofilm cells. Destruction of biofilm structure by the probiotic supernatant can be ascribed to various possible modes of action. One mode may be the presence of bacteriocin, antibiofilm metabolites, surfactants and some inhibitory *L. rhamnosus* compounds.^[@CR35]--[@CR37]^ These compounds disrupt the polymeric matrix of biofilm during formation, similar to other alternative strategies such as as the use of enzymes.^[@CR38]^ Some studies have also suggested that the supernatant may contain organic acids that lower the pH, thereby inhibiting biofilm formation.^[@CR24]^ In other studies the effect of pH on biofilm formation was not as pronounced, with other metabolites such as enzymes having a greater effect in particular on well-established communities.^[@CR39]^ Regardless of the exact mechanism by which probiotics act against *S. aureus* in this case, it is important to emphasize that the use of an antiseptic such as alcohol is still essential after probiotic treatment because it has broad spectrum, tuberculocidal, fungicidal and veridical^[@CR40]^ properties. The combination physical removal and probiotic intervention reported here is an additional method to reduce pathogenic bacterial burden and by itself does not have adequate broad spectrum properties to ensure safe skin penetration. Some probiotic strains may also become pathogenic inexplicably through unknown activation mechanisms and further study is needed to ensure that this or any potential probiotic therapy is safe before clinical use.

The tissue-based model employed here employs additional biological cues that are not found in current antimicrobial screening carried out in plastic microtiter plates. While the biofilm grown on porcine skin may not be identical to that found clinically, it represents a tradeoff necessary to achieve reproducible and controllable biofilms for quantitative assessment of skin preparation methods. Although the biofilms were only grown for 24 h, the inoculum challenge used (10^10^) greatly exceeds that typically found in the clinic. The combination method applied in this work has potential to be successful against real-world biofilms because beneficial bacteria such as *L. rhamnosus* are in theory already fit for competition with *S. aureus* and other microbes. In addition, since sonication is a mechanical force, it is not affected by whether a bacteria in biofilm is in a quiescent dormant state or fully active. It should have a similar impact on all biofilm with similar viscoelastic properties. For these reasons, we believe that our approach is more likely to be successful in a real-world application than the use of antibiotics, some of which we have found to be relatively ineffective against 24 h *S. aureus* biofilms even at multiples of the minimal inhibitory concentration. Although a final determination of effectiveness can only be obtained through a randomized controlled clinical trial, initial *in vivo* proof of concept might be obtained through minor modification of animal models developed for wounds.^[@CR41]^

Currently, the effectiveness of skin preparation techniques using chemical approaches (antimicrobials) that don't harm the skin is limited. The use of increased frequency or intensity of cleaning/washing^[@CR42],[@CR43]^ has not shown significant improvements. The results of this study showed how a combination approach using a probiotic to help remove biofilm, combined with physical removal of bioburden can specifically address a persistent and high risk threat such as *S. aureus* growing in biofilm. This procedure could be combined with follow up antimicrobial wipes to address any remaining microbiological contaminants on the skin. While the procedure does add additional steps to the skin preparation process, it may be warranted in cases where reducing contamination to the lowest possible level is paramount, such as injections of dermal fillers, insertion of permanent implants or devices where contamination can result in colonization and biofilm formation leading to a persistent, drug resistant infection. This study fills a much needed gap in understanding the use of probiotics for skin preparation which was not addressed in current literature on "topical bacteriotherapy", such as adding probiotics to skin care products to treat disturbed skin microbiota.^[@CR23]^ Further work is needed to validate the benefit of this approach and develop standardized protocols that are clinically practical, safe and effective.

Conclusion {#Sec7}
==========

Many surgical site infections caused by *S. aureus* initiate from bacterial transition from skin to the normally sterile internal tissues. Once biofilm is established, bacteria growing inside the matrix are highly resistant to antimicrobial agents. The emerging antibiotic resistance crisis compels us to reduce the incidence of these infections. Starting at the first step in pathogenesis, contamination, is logical because bacteria multiply exponentially and take shelter in biofilm, making them harder to eliminate over time. In this work, we developed a porcine skin biofilm model for testing skin preparation methods. Based on studies with this model, we suggest a combination of probiotic pre-treatment and brush sonication to both disrupt biofilm structure and physically remove *S. aureus* biofilm. This combination antibiofilm approach effectively reduces initial pathogenic bioburden and may help to maintain the balance of microflora on the skin when compared with the use of broad-spectrum antimicrobials. Combination strategies have been effectively used in other areas of infection control where a single treatment is insufficient, such as in treating antibiotic resistant infections,^[@CR44]^ and against viral infections.^[@CR45]^

Materials and methods {#Sec8}
=====================

Porcine skin explant model {#Sec9}
--------------------------

Porcine skin was prepared using established procedures (Fig. [5](#Fig5){ref-type="fig"}). Porcine skins ((Pel-freeze Biologicals, Rogers, AR) were grafted and cut to blocks with dimension of \~1″ x 1″ x 0.5″. Silicone tubing (autoclaved, 5/32″ID X 11/32″OD, Neoprene, Viton®, USA) was cut to 10 mm long and glued to skin blocks (one tube/ block). Neutral electrolyzed water (NEW) (Aquaox, Fontana, CA) was used to sterilize skin pieces. Diluted NEW solutions (HOCl, 80 mg/l) were applied twice (25 min/each) to the skin glued with tubing. The whole blocks were exposed to UV light in the biosafety hood for around 30 min to remove excess water on the surface. To test the biofilm removal efficacy, alcohol wipes, brush sonication, and probiotic pretreatment were applied on the 24 h biofilm formed with these substrates.Fig. 5Biofilm model to assess skin preparation. Hand image adapted from Ref. ^[@CR28]^. Image sourced from Wang Y., Leng V., Patel V., Phillips K.S., Scientific Reports 2017, published under the CC-BY license.

Strains and biofilm culture conditions {#Sec10}
--------------------------------------

The *Lactobacillus rhamnosus* (*L. rhamnosus)* used in this study was isolated from a commercial probiotic drink, by spreading 50 µl on MRS agar plates which were subsequently incubated at 37 °C for 48 h. After incubation, smooth convex whitish to creamy colonies were isolated and sub-cultured on Man-Rogosa-Sharpe (MRS; Difco) agar for 48 h. The strain was identified by 16 S rDNA sequencing. The 16 S rDNA sequence had 97% identity to *Lactobacillus rhamnosus* (*L. rhamnosus*) strain NBRC 3425 in the NCBI-database (National Center for Biotechnology Information), a lactic acid bacteria (LAB) that grows anaerobically but is aero-tolerant.^[@CR46]^ LAB are present in healthy microbiota of the human gastrointestinal tract and are GRAS (generally recognized as safe).^[@CR47]^ MRS broth (Difco) was used for culture and growth.

Green fluorescent protein tagged *Staphylococcus aureus* (*S. aureus*) AH2547 were provided by Dr. Alexander Horswill (Department of Biology, The University of Iowa, Iowa City, IA, USA).^[@CR48]^ A colony of *S. aureus* was removed from the blood agar plate using an inoculating loop. The colony was placed in a centrifuge tube (15 mL) with 4 mL Tryptic Soy Broth (TSB) and vortexed for 10 s. The tube was incubated at 37 °C for 16\~18 h with shaking (225 rpm). The culture was then vortexed and pushed through a 5μm filter to remove large clumps. The concentration was determined to be 10^8^ CFU/mL by plating on Luria-Bertani (LB) agar plates. The filtered culture was further diluted to \~10^5^ or 10^6^ CFU/mL in TSB and added to each tubing on the skin block. They were then incubated at 37 °C for 24 h. If not mentioned specifically, all media and agar plates used to culture *S. aureus* AH2547 had 10 µg/mL chloramphenicol to maintain the stability of plasmid^[@CR48]^ and inhibit growth of native microorganisms on porcine skin.

*S. aureus*-probiotic cell-free supernatant assay {#Sec11}
-------------------------------------------------

Two assays were performed to assess the effects of probiotic supernatant on the inhibition of *S. aureus* growth and biofilm eradication, respectively. Both used cell-free supernatants obtained from *L. rhamnosus* overnight cultures filtered with a 0.22 µm membrane filter (EMD Millipore, Germany) after centrifugation. The initial inoculums were of 10^4^, 10^6^, 10^8^ and 10^10^ CFU/mL, to acquire controlled amount of inhibitory substances. The number of cells, \~10^10^ CFU/mL, in the overnight culture from one colony was determined by serial dilution and plating.

The *S. aureus* growth inhibition was then assessed by adding both 0.1 mL of *S. aureus* suspension (\~10^6^ CFU/mL) and 0.1 mL of freshly prepared cell-free LAB supernatant to the tubing on porcine skin. The whole substrates were incubated for 24 h (37 °C). The number of viable *S. aureus* (planktonic), was acquired by scraping 5 times with 0.1 mL TSB. After serial dilution of the collected solution, 50 µL of each sample was spread on a 60 mm Luria broth (LB) agar plate with 10 µg/mL chloramphenicol and cultured for 24 h at 37 °C. In the positive control group, 0.1 mL of MRS broth was used instead of LAB supernatant.

The biofilm eradication efficacy was assessed by treating 24 h *S. aureus* biofilm with 0.2 mL LAB cell-free supernatant. The number of viable *S. aureus* cells (from biofilm) was acquired by plating as was described earlier. The positive control group contained 0.2 mL TSB and it was incubated with the other substrates for 24 h (37 °C).

Skin preparation assays {#Sec12}
-----------------------

Skin surfaces with *S. aureus* biofilm were obtained by inoculating exposed porcine skin surface in silicone tubing (0.2 mL of 10^6^ CFU/mL bacterial suspension) at 37 °C for 24 h (Fig. [6](#Fig6){ref-type="fig"}, positive control (PC)). Phosphate-buffered saline (PBS) was used to slightly rinse (3 times) the surface to remove loosely adhered cells. The attached surface cells were collected by scraping 5 times with 0.1 mL TSB/each. After serial dilution, 50 µL of each solution was spread on a 60 mm LB agar plate with 10 µg/mL chloramphenicol and then cultured for 24 h at 37 °C. Colonies of 20--200 for each plate were considered countable. Substrates cultured with 0.2 mL TSB with 10 µg/mL chloramphenicol were used as negative control.Fig. 6Flowchart of the skin preparation assays with experimental treatments, including alcohol wipe cleaning, sonication brush cleaning, alcohol sonication brush, probiotic supernatant pretreatment and combination (alcohol sonication brush with probiotic pretreatment)

The skin preparation with alcohol wipes (A) and brush sonication (B) were directly applied on the 24 h biofilm after rinsing. Wiping back and forth for 4 (A4) and 6 times (A6) were tested with alcohol wipes. For brush sonication, brush head sprayed with sterilized water (B) and 70% alcohol (BA) were compared. After treatment, skin substrates were dried for 30 s to remove excess surface water, and scraped with pipette tips. The collected bacterial solutions were plated and counted like the control groups.

The final combination therapy was carried out by applying sonication brush with alcohol spray on *S. aureus* biofilms after pre-treated with LAB supernatant for 2 h (PB2 + 2 + B) or 24 h (PB2 + 24 + B). The positive control group contained 0.2 mL TSB and it was incubated with the other substrates for 24 h (37 °C).

Confocal laser scanning microscopy (CLSM) analysis {#Sec13}
--------------------------------------------------

Imaging of bacterial biofilm on porcine skin surfaces before and after the treatment was performed with a Leica SP8 CLSM (Leica Microsystem, Germany). As illustrated in Fig. [6](#Fig6){ref-type="fig"}, porcine skin samples with biofilms before and after treatment were imaged directly after 3 × PBS rinse. CLSM images were collected with 485 nm excitation/535 nm emission. Simulated fluorescence projections through the biofilm were generated using the Leica LAS software.

Statistical analysis {#Sec14}
--------------------

All assays were carried out at least three times with independently grown cultures unless otherwise stated. The results obtained were summarized in figures and tables as mean ± standard deviations. A one-way ANOVA was performed with post-hoc *t*-tests to determine significant differences. A *P*-value \< 0.05 was considered significant.

Data availability {#Sec15}
-----------------

All supporting data and datasets are available in the [Supplementary Materials file](#MOESM1){ref-type="media"}.
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